We established an Na 2 S-free, large-scale overexpression system of deriving CODH II from thermophilic bacterium Carboxydothermus hydrogenoformans in Escherichia coli using a large-scale fermentor. Recombinant-CODH II showed a CO oxidation activity of 9,600 U/mg. In addition, recombinant-CODH II exhibited considerable CO 2 reduction activity, of 16.9 U/mg. Key words: overexpression; metalloenzyme; CO dehydrogenase; CO 2 reduction CO 2 is the most abundant C1 compound and also one of major greenhouse gases, and hence there is wide interest in converting CO 2 to other chemicals. A highly desirable goal is the reduction of CO 2 to CO, the major feedstock for C1 chemistry, efficiently and specifically. Ni-Carbon monoxide dehydrogenases (CODHs) are key enzymes for anaerobic CO metabolism. They are often composed of several subunits. The catalytic subunit (CooS) catalyzes the reversible oxidation of CO to CO 2 . 1) They can catalyze the reduction of CO 2 to CO without over-potential, whereas the inorganic catalysts used for CO 2 activation and reduction require excessive over-potential.
CO 2 is the most abundant C1 compound and also one of major greenhouse gases, and hence there is wide interest in converting CO 2 to other chemicals. A highly desirable goal is the reduction of CO 2 to CO, the major feedstock for C1 chemistry, efficiently and specifically. Ni-Carbon monoxide dehydrogenases (CODHs) are key enzymes for anaerobic CO metabolism. They are often composed of several subunits. The catalytic subunit (CooS) catalyzes the reversible oxidation of CO to CO 2 . 1) They can catalyze the reduction of CO 2 to CO without over-potential, whereas the inorganic catalysts used for CO 2 activation and reduction require excessive over-potential.
2) Thus, CODHs are potentially efficient catalysts for an efficient CO 2 reduction system.
Carboxydothermus hydrogenoformans is a thermophilic anaerobic CO-utilizing bacterium that contains at least five genes encoding CODHs, designated CODH I to CODH V, on the genome.
3) Combining a native CODH I of C. hydrogenoformans with TiO 2 nanoparticles, a prototype of CO 2 reduction system was constructed recently, driven by visible light. 4) In order to establish a practical reproducible CO 2 reduction system, expression systems for large amount of CODHs are essential.
CODHs are strictly anaerobic metalloenzymes. They have 3 to 5 [4Fe-4S] clusters, and the activity center is composed of novel [Ni-Fe-S] clusters. Overexpression systems for the CODHs in E. coli, as with metalloproteins in general, have met with limited success due to the complexity of maturation process that is required to assemble the activity center. 5, 6) Recently, the expression system for cooS II gene encoding CODH II from C. hydrogenoformans in E. coli was reported. 7, 8) Notably, recombinant CODH II (Rec-CODH II) shows CO oxidation activity nearly equal to native CODH II. 7, 8) This culture process, however, poses a critical problem: the system inevitably produces hydrogen sulfide derived from Na 2 S, which is a sulfide source for [Fe-S] clusters and a reductant for the reduction of the medium. Hydrogen sulfide is known to be toxic and to have a corrosive effect on metallic equipment, and hence the culture method is not suitable for large-scale culture. Given the tremendous utility of Rec-CODHs, we attempted to establish an Na 2 S-free, large-scale overexpression system for CODH II using a fermentor and to characterize the purified Rec-CODH II.
The cooS II gene was amplified by PCR from the genomic DNA of C. hydrogenoformans Z2901 (DSM6008) using KOD-plus-Ver2Ô polymerase (Toyobo, Tokyo) with primers cooSII F (5 0 -CATATG-GCTAAGCAAAATTTAAAGTCTAC-3 0 ) and cooSII R (5 0 -GGATCCGAGCTCACCATGGGTTCCTGTGTG-3 0 ) (underlined positions indicate the NdeI and BamHI sites respectively). The product was cloned into the NdeI/ BamHI sites of the pET28a(+) vector (Novagen, Madison, WI). N-Terminal (His) 6 -tagged CODH II was expressed in E. coli Rosetta2 (DE3) (Novagen) harboring the pRKISC plasmid (the generous gift of Professor Y. Takahashi, Saitama University, Saitama, Japan).
9) The transformant was cultured aerobically at 30 C in a 10-L fermentor (Sanki Seiki, Osaka, Japan) with 5 L of modified TB medium containing 0.02 mM NiCl 2 , 0.1 mM FeSO 4 , 2 mM L-cysteine, 50 mg/mL of kanamycin, 50 mg/mL of chloramphenicol, and 12.5 mg/mL of tetracycline, and purged with air. When the culture reached an OD 600 of 0.6-0.7, the gas was switched to pure N 2 . After 30 min, 0.5 mM NiCl 2 , 1 mM FeSO 4 , 50 mM KNO 3 , 2 mM L-cysteine, and 0.2 mM IPTG were added to induce expression. After 20-22 h, the cells were harvested aerobically. The subsequent purification steps were performed in an anoxic glove box (COY Laboratory Products, Grass Lake, MI) under an atmosphere of 95% N 2 /5% H 2 at 25 C (except for a cell-disruption step). The cells were disrupted using a French press (5501-M, Ohtake, Tokyo), and the cell-free extract was centrifuged at 7,100 g for 30 min at 25 C. The supernatant was applied to a Cosmogel His-Accept column (Nacalai Tesque, Kyoto, Japan). After extensive washing with buffer A (50 mM Tris-HCl pH 8.0 and y To whom correspondence should be addressed. Tel: +81-75-753-6219; Fax: +81-75-753-6226; E-mail: tinou@kais.kyoto-u.ac.jp Biosci. Biotechnol. Biochem., 75 (7), [1392] [1393] [1394] 2011 Note 300 mM NaCl) containing 20 mM imidazole and 1 mM dithionite, CODH II was eluted with 30 mL of buffer A containing 300 mM imidazole and 1 mM dithionite. To remove imidasole, the eluent was subsequently loaded on Amicon Ultra (30 kDa MWCO, Millipore, Boston, MA) and equilibrated in 50 mM Tris-HCl pH 8.0 and 2 mM dithionite. We also cultivated the transformant by a previously reported method using medium bottles.
7)
The purification steps were performed as described above. CO oxidation activity was assayed based on the CO-dependent reduction of oxidized methyl viologens, as described previously, at the optimal growth temperature for C. hydrogenoformans (70 C). 10) One unit of activity was defined as the reduction of 2 mmol of methyl viologen per min. CO 2 reduction activity was assayed at 25 C following a previous report, 11) with minor modifications. The production of CO from CO 2 with Rec-CODH II was monitored by the formation of carboxyhemoglobin following a decrease in absorbance at 433 nm. Two mL of assay mixture contained 50 mM MOPS pH 7.5, 0.2 mg/mL of hemoglobin, 50 mM NaHCO 3 , 0.3 mM methyl viologen, and 2 mM dithionite. One unit of activity was defined as 1 mmol CO production per min. The spectrum of the Rec-CODH II was recorded as described previously at room temperature. 10) One-step affinity purification produced homogenous Rec-CODH II by SDS/PAGE analysis (Fig. 1A) . The purified Rec-CODH II showed 8,500-9,600 U/mg of CO oxidation activity, slightly higher than that of the Rec-CODH II prepared by a previous method (Table 1). 7) The expression level was also slightly higher than that by a previous method (Table 1) . Cell yield was 3.60 g/L, nearly equal to that obtained by a previous method (Table 1) . UV-Visible absorption spectra of Rec-CODH II were similar to that of native-CODH II under the various conditions we examined (Fig. 1B) .
10) The Ratio of absorbance at 419 nm to 280 nm was 0.43, which is close to that of the native-CODH II (0.45), 10) indicating that Rec-CODH II was successfully expressed in our large expression system without the addition of Na 2 S.
We measured CO 2 reduction activity by monitoring the formation of carboxyhemoglobin at 25 C. 11) Because hemoglobin lacks stability at higher temperatures, we were not able to determine the optimum temperature for the CO 2 reduction activity of thermophilic enzyme Rec-CODH II. Rec-CODH II showed a CO 2 reduction activity of 16.9 U/mg at 25 C. In conclusion, we established an Na 2 S-free overproducing system for Rec-CODH II, one that is applicable to large-scale expression systems. The CO 2 reduction activity of Rec-CODH II indicates its applicability to the reproducible CO 2 reduction system described above. In addition, the overexpression system used here successfully produced active Rec-CODH I from C. hydrogenoformans (unpublished results). These results also indicate the possibility that this overproducing system might be applied to other CODHs.
A B In expression system 1, we cultivated the transformant with an Na 2 S-free medium using a 10-L fermentor, and in system 2 we cultivated the transformant by a previous method using medium bottles.
a One unit of activity was defined as the reduction of 2 mmol of methyl viologen per min.
